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Letermovir is a novel antiviral compound currently in clinical development for the prevention of human cytomegalovirus
(HCMV) infections. In contrast to all currently approved anti-HCMV drugs that target the viral DNA polymerase, letermovir
acts via a distinct mode of action involving the viral terminase subunit pUL56. To extend our understanding of potential leter-
movir resistance mechanisms, we used marker transfer to characterize mutations identified in letermovir-resistant HCMV vari-
ants that were selected in cell culture.

Human cytomegalovirus (HCMV) disease continues to be a
serious and life-threatening condition in immunocompro-

mised patients such as transplant recipients. Currently approved
anti-HCMV drugs, including (val)ganciclovir, cidofovir, and fos-
carnet, are associated with profound toxicity as well as drug resis-
tance that restricts their long-term clinical benefit. All these sub-
stances ultimately target the viral DNA polymerase (pUL54),
though ganciclovir requires prior activation by the viral pUL97
kinase. Accordingly, mutations in open reading frame (ORF)
UL97 are associated with (val)ganciclovir resistance whereas mu-
tations in ORF UL54 can confer cross-resistance to all approved
anti-HCMV drugs, an increasingly frequent scenario representing
a serious threat for specific patient populations (1–3).

Letermovir (AIC246) is a new anti-HCMV drug with a distinct
but well-characterized mechanism of action targeting the viral
terminase subunit pUL56 (4, 5). The drug has proven to be well
tolerated in numerous (pre)clinical studies and has demonstrated
clinical efficacy in a recent phase IIb trial, meeting all primary
endpoints as a prophylactic drug (6).

In line with its distinct mode of action, in vitro studies have
shown that letermovir is active against HCMV strains resistant to
current anti-HCMV drugs (4, 5, 7). In vivo confirmation of resis-
tance-breaking potential was demonstrated in a patient infected
with a multidrug-resistant HCMV strain (8). So far, no letermo-
vir-resistant HCMV strains have been reported from clinical tri-
als. Nonetheless, as letermovir is a direct-acting antiviral, the
emergence of resistance is ultimately to be expected.

HCMV resistance testing previously required virus cultivation
and phenotypic characterization of virus isolates; this is slow, la-
bor-intensive, and nonstandardized and often has a poor success
rate (3, 9). Current standard clinical practice uses genotyping and
virtual phenotyping based, e.g., on mutation databases (10). Once
a database is established, this genetic approach is faster, more sen-
sitive, and more cost-effective and provides detailed and quanti-
tative resistance information to the physician (3). However, ge-
netic monitoring of drug resistance requires detailed knowledge
of potential resistance mutations in order to develop virtual phe-
notyping profiles for screening databases (6).

To date, 2 letermovir resistance mutations leading to amino
acid substitutions have been identified in vitro, both within the
coding region for the pUL56 subunit of the viral terminase com-
plex (4). This study was intended to (i) identify and characterize
additional amino acid substitutions associated with letermovir re-

sistance, (ii) extend our understanding of letermovir resistance
mechanisms, and (iii) create a basis for genotypic resistance test-
ing in patients.

Two different approaches were used to generate letermovir-
resistant mutants of the HCMV laboratory strain AD169: (i) a
single-step selection method, using virus-infected fibroblast cells
incubated in the presence of letermovir (or a chemically closely
related predecessor compound) at �10-fold 50% effective con-
centration (EC50) (50 nM for letermovir) as described in reference
4 (4 experiments; each using 30 96-well plates/assay; multiplicity
of infection [MOI] of 0.03), or (ii) classical resistance induction
using virus-infected fibroblasts (MOI, 0.03 to 0.01) initially incu-
bated at subinhibitory concentrations (�1� EC50) of antiviral
compound. Each time that virus breakthrough (100% cytopathic
effect [CPE]) was observed, virus supernatant was subcultured
and the drug concentration in the medium was doubled until
either CPE formation was suppressed or drug concentration
reached �128-fold EC50. Resistant virus mutants were plaque pu-
rified by limiting dilution in the presence of 10� EC50 of letermo-
vir followed by serial passage 8 to 10 times in drug-free cell culture
medium to ensure the stability of the resistance mutation. It is of
note that the applied procedures were intended to generate drug-
resistant strains for mechanistic studies and not to examine, e.g.,
the frequency of the emergence of drug resistance or the barrier to
resistance.

Letermovir susceptibility (EC50) of the selected viruses was as-
sessed using a cytopathic effect assay (4, 5). As summarized in
Table 1, all strains were letermovir resistant, with resistance indi-
ces (RI; EC50 for mutant/EC50 for wild type) ranging from �13 to
�6,000. As expected, no cross-resistance to ganciclovir was evi-
dent. In this way, 10 letermovir-resistant AD169 isolates were ob-
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tained (8 via single-step selection, 2 using induction), of which
two have been described previously (4).

In order to identify amino acid substitutions that account for
the observed drug resistance, 4 HCMV open reading frames
(ORFs) encoding proteins involved in cleavage/packaging of
progeny DNA were sequenced (4, 11). A sequence comparison
with the parental AD169 reference strain revealed 7 unique single
amino acid substitutions; all were point mutations, and all were
clustered in the region between amino acid (aa) 230 and 370 of
ORF UL56 (Table 1; Fig. 1). Of these, 2 have been previously
reported (L241P and R369S) (4) and 5 were novel substitutions
(V231L, V236M, C325Y, R369M, and R369G). Interestingly, 3 of
the 7 detected substitutions were located at position 369. No sub-
stitutions with significance for letermovir resistance were identi-
fied in UL89, UL51, and UL104. The known UL89 A345S inter-
strain variation (12, 13) was apparent in 2 resistant strains, likely
because the AD169 strain used in our laboratory included both the
UL89 A345 and S345 genotypes. An association between this poly-
morphism and letermovir resistance was excluded since letermo-
vir susceptibility to AD169 UL89 A345 variants (e.g., AD169-

GFP) is comparable with that of AD169 UL89 S345 variants (e.g.,
RV-HG) (reference 5 and unpublished data).

To confirm that letermovir resistance resulted from the identified
UL56 substitutions, a two-step, markerless red recombination system
was used to introduce the respective single point mutations into the
enhanced green fluorescent protein (EGFP)-expressing, AD169-de-
rived HCMV bacterial artificial chromosome (BAC) pHG (4, 14) (see
Table S1 in the supplemental material). Sequence fidelity of the re-
combinant BACs was confirmed by sequencing and restriction anal-
ysis as described previously (4, 15). Following virus reconstitution,
viral growth curves were generated exactly as described in reference 4
in order to confirm the viability of all recombinant virus strains. None
of the amino acid substitutions had any discernible effect upon the
growth properties of these laboratory strains in vitro (data not
shown). However, the fitness of these variants in natural isolates in
patients remains to be determined.

To confirm that the identified UL56 substitutions were indeed
responsible for letermovir resistance and to examine possible
cross-resistance, we proceeded to phenotypically characterize the
recombinant viruses using a fluorescence reduction assay as a

TABLE 1 Pheno- and genotypic characterization of letermovir-resistant HCMV mutants obtained in vitro

HCMV strain

EC50 (�M)a

RIb

Amino acid substitutionc

Letermovir GCVj UL56d UL89d UL104d UL51d

AD169 0.0046 � 0.0019 3.6 � 1.4 1 NAe NA NA NA

Selected mutantsf

rAIC246-1g 1.23 � 0.32 1.2 � 0.2 268 L241P —h — —
rAIC246-2g 0.37 � 0.07 4.0 � 0.9 81 R369S A345Si — —
rAIC246-3 27.23 � 3.27 3.0 � 2.4 5,870 C325Y — — —
rAIC246-4 0.13 � 0.01 4.2 � 1.3 28 V231L — — —
rAIC246-5 0.11 � 0.01 5.0 � 0.4 23 R369M — — —
rAIC246-6 0.08 � 0.02 2.9 � 0.9 17 R369M — — —
rAIC246-7 0.92 � 0.12 2.2 � 0.6 200 L241P — — —
rAIC246-8 25.01 � 5.53 2.2 � 1.2 5,413 C325Y — — —
rAIC246-9 0.06 � 0.04 1.7 � 0.2 13 R369G — — —
rAIC246-10 0.09 � 0.02 1.4 � 0.4 19 V236M A345Si — —

a EC50s were determined by a CPE reduction assay. Data are means from at least three independent experiments and are expressed with standard deviations.
b The resistance index (RI) is the letermovir EC50 for mutant virus divided by the letermovir EC50 for wild-type virus.
c Amino acid substitution identified by HCMV genotyping.
d HCMV gene involved in cleavage/packaging of viral progeny DNA.
e NA, not applicable.
f HCMV strain AD169 virus mutants obtained in vitro under selective pressure with letermovir.
g Previously published (4).
h —, no amino acid substitution.
i Interstrain variation (12) not associated with letermovir resistance.
j GCV, ganciclovir.

FIG 1 Schematic representation of the UL56 domain organization, showing known wild-type polymorphisms. (Top) Schematic representation of the UL56
domain organization according to data from reference 19. Conserved regions are indicated as gray boxes (I to XII); variable regions (VR1 and VR2) are indicated
as black boxes. Positions of amino acids associated with in vitro resistance to letermovir are indicated. Each star represents an amino acid mutation identified in
an independently selected resistant virus variant. (Bottom) Schematic representation of a UL56 consensus sequence alignment derived from 61 unique HCMV
UL56 amino acid sequences. Each dot indicates a naturally occurring amino acid sequence polymorphism.
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measure of drug susceptibility (5) (Table 2). Drug resistance pro-
files were comparable between recombinant viruses (UL89 S345
background) and their corresponding original isolates (UL89
background indicated in Table 1), confirming that solely the iden-
tified UL56 amino acid substitutions were sufficient to confer the
observed resistance.

The lack of cross-resistance to all approved anti-HCMV drugs
is consistent with letermovir’s alternate mechanism of action. In-
terestingly, although all mutants were susceptible to the chemi-
cally unrelated cleavage/packaging inhibitor BDCRB (16, 17), a
low-grade cross-resistance (�5-fold) was observed against an-
other unrelated terminase inhibitor named BAY38-4766 (18) for
one UL56 mutant strain (R369M) but not for strains carrying
other amino acid substitutions at the same position (369G and
369S).

It is conceivable that the observed high-grade drug resistance
conferred by the detected resistance mutations is due to the steep
dose-response curve that characterizes the activity of letermovir in
cell culture (5). However, the magnitude of drug resistance is not
the sole measure of clinical relevance since, e.g., even mutations
mediating low-level ganciclovir resistance (�3-fold EC50) are of-
ten therapeutically prohibitive due to dose-limiting toxicities
and/or physicochemical properties of the drug (2, 3). Moreover,
an “all-or-nothing” inhibition kinetics, as observed with letermo-
vir in vitro (5), might be advantageous in vivo since it renders
low-level virus replication unlikely and may thus limit the emer-
gence of drug resistance. However, resistance emergence at clini-
cal doses remains to be determined, as it will depend on additional
factors not captured in cell culture studies, including human
pharmacokinetics (PK) and unbound drug concentrations in hu-
man plasma.

Based on these results, we defined the region between aa 230
and 370 as that involved in letermovir resistance. A sequence
alignment comprising 61 UL56 sequences available at NCBI
GenBank, including 41 sequences from clinical isolates previously
compared by Champier et al. (19), was generated (see Table S2 in
the supplemental material). A schematic representation of the re-
sults (Fig. 1) shows 34 naturally occurring polymorphisms within
ORF UL56 relative to the HCMV reference strain Merlin. The
letermovir resistance region (aa 230 to 370) appears to be within a
conserved area of pUL56, with only 2 naturally occurring poly-
morphisms (D242G and A327V) which were not selected by leter-

movir. These data suggest that preexisting natural resistance to
letermovir is unlikely, although compound activity against
D242G and A327V is yet to be examined.

In conclusion, the work presented here identifies the likely lo-
cation of letermovir resistance substitutions within an �140-aa
region of pUL56 and therefore should provide a useful basis for
resistance monitoring in clinical trials. No letermovir resistance-
associated substitutions were uncovered in the coding regions of
other viral proteins known to be involved in genome cleavage/pack-
aging (pUL89, pUL104, and pUL51), suggesting a highly specific in-
teraction of the inhibitor with the pUL56 terminase subunit. Addi-
tional structural information on pUL56 and biophysical/biochemical
characterization of compound binding will shed more light on the
mechanism of action of this novel inhibitor, which has been
shown to be fully active against HCMV strains resistant to cur-
rently approved antivirals.
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